On the localized coupling of respiration and phosphorylation in mitochondria  by Yaguzhinsky, Lev S. et al.
Biochimica et Biophysica Acta 1757 (2006) 408–414
http://www.elsevier.com/locate/bbaReview
On the localized coupling of respiration and phosphorylation in mitochondria
Lev S. Yaguzhinsky ⁎, Vladimir I. Yurkov, Inna P. Krasinskaya
Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow State University, 119992, Moscow, Russia
Received 15 December 2005; received in revised form 31 March 2006; accepted 1 April 2006
Available online 7 April 2006Abstract
This paper is an overview of the theoretical and experimental studies performed in our laboratory to answer the question whether there exist
conditions where the hypothetical mechanism of the localized coupling of respiration and phosphorylation postulated by R. Williams in 1961
operates. These studies were undertaken to verify the earlier suggestion that mitochondria may exist in two structural and functional states.
Correspondingly, there are two operation modes of oxidative phosphorylation, one of which corresponds to the Williams' mechanism of localized
coupling and the other, to the Mitchell's mechanism of delocalized coupling. The paper considers the principle of the energy conservation of
oxidative reactions in mitochondrial membranes in the form of the thermodynamic potential of hydrogen ions (Δμsol) lacking, in part, the
solvation shell. We present experimental evidence for the existence of the mechanism of localized coupling and describes the conditions favorable
for its implementation. The experiments described in this paper show that the aforementioned models for proton coupling are not necessarily
alternative. A conclusion is made that, depending on the particular conditions, either localized or delocalized coupling mechanisms of oxidative
phosphorylation may come into operation.
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This paper summarizes the main results of the 30-year
research performed in our laboratory to get on answer to the
question of whether there exist the conditions for the
implementation of the mechanism of localized coupling.
Many of these results were published only in Russian. The
most important of them, presented in tables and figures, are
included in this review.
In fact, this paper considers the main operation principles of
the multienzyme system of coupled respiration and phosphor-
ylation in mitochondria. It is known that multienzyme systems
can function in two qualitatively different modes: (1) individual
catalysis when particular enzymes operate independently, and
(2) cooperative catalysis when the enzymes are united into a
multienzyme supercomplex, or metabolon [1,2]. In the former
case, the products of each enzyme are released into the waterAbbreviations: TTFA, thenoyltrifluoroacetone; TTFB, tetrachlo-
rotrifluoromethyl benzimidazole; CATR, carboxyatractyloside
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doi:10.1016/j.bbabio.2006.04.001phase. In the latter case, the intermediates remain in the
supercomplex and pass from one enzyme to another. It should
be noted that the formation of the metabolon in the
mitochondrial respiratory chain has already been proved [3,4].
The theoretical consideration of the two models of coupled
respiration and phosphorylation performed as long ago as 1961
showed that the one model corresponds to the individual
catalysis postulated by P. Mitchel [5] and the other corresponds
to the metabolon catalysis postulated by R. Williams [6]. In both
models, the key role in the coupling of oxidative reactions and
phosphorylation is played by hydrogen ions, which are involved
in the transformation, conservation, and transport of the energy
of oxidative reactions. In the first model, the energy of oxidative
reactions (ΔEox) transforms into the electrochemical potential
of hydrogen ions (Δμ―H+) produced upon the transmembrane
transfer of H+ ions from water to water.
DEox ¼ DPlHþ ð1Þ
The Williams' model [6] postulates that, during phosphor-
ylation, H+ ions remain in the respiratory H+ pump–
membrane–ATP synthase supercomplex and do not pass to
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mechanisms as alternative pathways of energy transformation in
mitochondria.
In our research, we proceed from the supposition that the
multienzyme complex of mitochondria, like many other
multienzyme systems [1,2], may exist either in a dissociated
form or in the form of a supercomplex. A version of Williams
model presented in this paper postulates that during the
functioning of the respiratory H+ pump hydrogen ions do not
pass into the water phase but come to the ATP synthase
complex, remaining in the interface zone on the outer side of the
inner mitochondrial membrane. This model accounts for two
recent findings: that dielectric constant in the membrane–water
interface zone is 3–5 times less than in water [7–9] and that the
reaction of proton release from the membrane surface has a
relatively high kinetic barrier. The credit for the latter finding is
shared by our [10] and some other laboratories [11–14]. The
energy barrier height depends on the chemical nature of the
buffer and varies from 90 to 360 meV (in accordance with [15]).
The above scheme of localized proton coupling allows the
conservation of a portion of the energy of oxidative reactions in
the form of the thermodynamic ‘‘solvation’’ potential of
hydrogen ions Δμsol, localized in the interface zone. The
formation of Δμsol in the form of the energy of hydrogen ions
lacking, in part, the solvation shell during the functioning of the
respiratory H+ pumps can occur at the expense of the partial
desolvation of H+ ions at the stage of their transfer from the
mitochondrial matrix to the membrane. The concept of the
desolvated proton potential (Δμsol) in the reaction of ATP
synthesis was formulated by us in 1976–1978 [16–18]. The
total conserved energy (Eox) is given by the equation:
DEox ¼ DW RT ln c1H1c2H2
ð2Þ
where γ1, γ2 are the activity coefficients of hydrogen ions in the
matrix and interface, respectively, H1 and H2 are the
concentrations of hydrogen ions on the inner and outer
interface, respectively. Eq. (2) can be written in the following
simplified form [19]:
DEox ¼ DPlHþ þ Dlsol ð3Þ
where
DPlHþ ¼ DW RT ln
H1
H2
; Dlsol ¼ RT ln
c1
c2
Eqs. (2) and (3) account for the main feature of the Williams'
model (operation of oxidative phosphorylation in the super-
complex). Some particular versions of localized coupling were
proposed earlier [20,26] and most of them (including that
described by Eq. (3)) have recently been reviewed by
Mulkidjanyan [21]. For this reason, we will restrict ourselves
to a brief consideration of the results of the studies performed in
our laboratory to ascertain conditions that favor the mechanism
of localized coupling in mitochondria.
We had proved the existence of two functional modes of
oxidative phosphorylation in mitochondria, than the problemwas solved in the following sequence: (1) the detection and the
study of the nonequilibrium pool of H+ ions bound to the
membrane surface in themodel BLM system, (2) the detection of
the nonequilibrium pool of H+ ions in the membranes of
uncoupled and phosphorylating mitochondria, (3) establishment
of a positive correlation between the size of the nonequilibrium
pool of H+ ions and the phosphorylation rate and efficiency.
It was demonstrated that, depending on the experimental
conditions, the multienzyme complex of mitochondria respon-
sible for oxidative phosphorylation may exist in different
functional states.
We also succeeded in detecting different states of the
mitochondrial membrane, which are switched by a system of
volume regulation. The existence of such a system in
mitochondria has already been reported [22–25].
In our experiments, the volume regulation system was
typically induced by the transfer of mitochondria from an
isotonic medium (200–300 mosM) to a hypotonic medium
(approximately 120 mosM) or, in some experiments, to a
hypertonic medium (600 mosM).
Two different structural states of the mitochondrial mem-
brane were described in [23].
The two functional states of oxidative phosphorylation were
identified by the method of double inhibitory titration (in
accordance with [27]) with malonate (an inhibitor of electron
transport) and carboxyatractyloside (CATR), an inhibitor of
ATP synthesis. The experiments showed that the combined
action of both inhibitors on mitochondrial respiration in state 3
corresponds to the mechanism of localized coupling in
hypotonic media and to the mechanism of delocalized coupling
in isotonic media [22].
These preliminary data suggest that the Williams' and
Mitchell's models are complementary and each of them can be
functional in mitochondria depending on the surrounding
conditions.
1.1. The nature of kinetic barrier in the reaction of proton
release from the BLM surface
The reaction of proton release may require a relatively high
activation energy [10–14]. The coupling of this reaction with
the transmembrane flow of H+ ions gives rise to a pool of
membrane-bound protons on the membrane surface. The nature
of such a pool and the kinetic barrier in the reaction of proton
release from the membrane surface is far from being well
understood. Experiments on bilayer membrane [10] are an
attempt to approach this problem.
The formation of such a pool was observed on planar lipid
bilayer when the transmembrane flow of H+ ions is limited by
the reaction of proton release from the membrane surface (Fig.
1, reaction 1).
Transmembrane proton flux that was induced by nigericin in
the presence of potassium gradient. Under these conditions two
types of H+ gradients appear on the BLM. The “pool of
membrane bound protons” and H+ gradients in the volume of
unstirred layer. The former can conveniently be studied if H+-
gradient in the unstirred layer is eliminated by successive
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accordance with [28]) (Fig. 1, reaction 4). In this case, “the pool
of membrane-bound hydrogen ions” on the BLM surface is
retained, as is evident from the measurements of the membrane
surface potential by the method of inner membrane field
compensation [10,29].
It should be emphasized that the surface potential was
detected only when the membrane-forming solution is
supplemented with phosphatidylserine. It demonstrates that
the surface protons occur in the form of so-called Brønsted
acids (XH groups, Fig. 1). This finding shed light on the
chemical nature of the kinetic barrier, whose height is
probably determined by the activation energy of dissociation
of the carboxylic (or phosphate) groups located on the
membrane surface. Citrate added to the bulk solution on the
cis membrane side catalyzed the reaction of proton release
from the surface of lipid bilayer (Fig. 3, reaction 3). At the
same time, the decrease in membrane bound H+ pool was
actually observed as a decline (proportional to the concentra-
tion of added citrate) in the surface potential on the
membrane. The addition of citrate also resulted in an increase
in the transmembrane flow of H+ ions. Taken together, these
results prove the existence of a relatively high kinetic barrier
in the reaction of proton release from the surface of lipid
bilayer.
The height of this barrier could be diminished by adding
citrate anion, a strong nucleophilic base. The citrate (RCOO−)
catalyzed reaction of proton release from the membrane surface
can be given by Eq. (4)
Mem COOHþ RCOO−→½Mem COOHddd−OOCR
→Mem COO− þ ½HOOCR→RCOO− þ Hþ
ð4Þ
Acetate, which is a weaker nucleophilic agent than citrate
under these conditions of our experiments (pH 6.5), did notFig. 1. Scheme showing the transport of hydrogen ion in the membrane formed from
phosphatidylserine are shown on the membrane surface. Release of hydrogen ion fr
catalysis of proton release by citrate (3); the involvement of acetate in the transmemexert the same effect as citrate. This finding suggests that the
rate of reaction 2 (Fig. 1) must be significantly lower than that of
reaction 3 (and 4).
For this reason, the concentration of acetate on the cis
membrane side can be chosen such that the local gradient of
protons in the near-membrane layer vanishes (Fig. 1, reaction 4)
but the noneqilibrium pool of Brønsted acids on the surface of
lipid bilayer remains unchanged. These observations suggest
that the formation and the properties of the noneqilibrium pool
of Brønsted acids on the surface of lipid bilayer are determined
by a relatively high affinity of hydrogen ions to negative surface
charges on the lipid bilayer. It should be noted that at the same
time the free energy of such a pool can be used to perform
effective work (for example, to create a gradient of K+ ions
across the membrane [10]). Thus, the nonequilibrium pool of
Brønsted acids in our system acts as a donor of H+ ions
possessing excess of free energy. In according with [10,28], this
pool is not in fast equilibrium with transmembrane proton
carriers such as acetate and TTFB anions. This circumstance
suggests that, under the conditions of localized coupling in
mitochondria, hydrogen ions in the nonequilibrium pool of
Brønsted acids also may not to be occurred in a fast equilibrium
with the endogenous transmembrane H+ transfer systems of
respiratory proton pumps and Eq. (3) should be rewritten in the
following form:
DEox ¼ DPlHþ þ DlXH ð3′Þ
where ΔμXH is the thermodynamic potential of the nonequilib-
rium pool of Brønsted acids. which includes the chemical and
solvatation components of free energy of this pool. It should be
noted that the use of ΔμXH in ATP synthesis already was
demonstrated in the model system [16]. It was observed that
energy of the thermodynamic potential of the Brønsted acid
(pentachlorophenol in octane phase) was utilized in ATP
synthesis reaction by F1F0-ATPsintetase sorbed at the octane–
water interface.phosphatidylcholine/phosphatidylserine mixture. Carboxylic groups (X1
−, XH)
om the membrane surface (1); slow reaction of XH groups with acetate (2); the
brane proton transfer (4).
Fig. 2. The effect of the nonpenetrating HEPES buffer at low(3 mM) (1) and high (20 mM) (2) concentrations on the respiration of rat liver mitochondria uncoupled by
TTFB (A) and pentachlorophenol (B). The total tonicity of the incubationmediumwas 120mosM. The substrate was succinate. For other experimental details, see [30].
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outer side of the inner membrane in uncoupled mitochondria
Under conditions of the functioning of H+-pumps [30,31], it
was observed that a catalyst of proton release reactions
(nonpenetrating buffer-HEPES) substantially intensifies the
respiration of uncoupled mitochondria (Fig. 2). This finding
suggests that the functioning of the respiratory H+ pumps is
limited by the reaction of proton release from the outer surface
of the membrane.
The formation of such a pool during the functioning of proton
pumps was detected using an approach based on the pH probe
FITC covalently bound to mitochondria [19,30,31]. This approach
lies in covalent labeling of mitochondria with FITC molecules
without impairing the respiratory and phosphorylating activities
[19,30]. Changes in the absorbance of the FITC probe were
recorded after activation of the respiratory H+ pumps. TheFig. 3. Scheme illustrating the formation of the differential spectra of FITC-labeled m
medium with the low (B) and high (A) concentrations of nonpenetrating HEPES buff
sides of the membranes in dissociated and undissociated forms. At 497 nm, the absor
activation of H+ pumps gives rise to a local increase in the activity of H+ ions on the
corresponding decrease in the absorption of the outer FITC (AB); alkalization of the m
The increased concentration of HEPES in the medium does not affect the inner FITuncoupler was added at concentrations that stimulated mitochon-
drial respiration by no more than 30–40% of the maximum value.
The phosphorylating mitochondria labeled with the FITC
probe were obtained by treating a suspension of intact
mitochondria with a solution of FITC sorbed on albumin.
Excess FITC was washed out by the incubation medium.
The experiments were carried out at pH=7.2 or 7.5. At these
pH values, the FITC molecules covalently bound on both
membrane sides are partially dissociated (the pK of covalently
bound FITC is approximately 6.7 [32]). The extinction
coefficient of dissociated FITC at 497 nm is nearly 6 times
higher than that of nondissociated FITC.
Changes in the probe absorption, which are due to changes in
the degree of FITC dissociation induced by the functioning of
respiratory H+ pumps, were recorded according to a differential
scheme. Equal aliquots of a suspension of FITC-labeled
mitochondria were placed in two cuvettes. After adding TTFAitochondria after activation of H+-pumps in the sample cuvette in the incubation
er. Before the activation of H+ pumps, covalently bound FITC is present at both
ption of dissociated FITC is 6 times higher than that of undissociated FITC. The
outer side of the inner mitochondrial membrane (left part of the figure) and to
itochondrial matrix results in an increase of absorption of the inner FITC (A2B2).
C (A2B2) but enhances the absorption of the outer portion of FITC (A,B).
Fig. 4. pH gradients within the outer side of the inner membrane of uncoupled mitochondria. The differential spectra of the FITC-labeled uncoupled mitochondria at
the high (20 mM) (A) and low (3 mM) (B) concentrations of the nonpenetrating HEPES buffer after activation of respiratory H+ pumps in the sample cuvette. As shown
in Fig. 3, the weak absorption of FITC at low HEPES is due to FITC protonation on the outer side of the inner membrane resulted from increase in the activity of H+
ions. The substrate was succinate, the uncoupler TTFB was added at a concentration of 1 μM (after succinate); the control cuvette contained 6 μM TTFA. For other
experimental details, see [30].
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both cuvettes were supplemented with succinate. Scheme (Fig.
3) shows the spectral changes in the FITC probe in response to
the activation of respiratory H+ pumps when the probe
molecules occur on both sides of the membrane. The activationFig. 5. (A). Local pH gradients within the outer side of the mitochondrial memb
mitochondria after the activation of respiratory H+ pumps in the sample cuvette were
The substrate was succinate, ADP was added at a concentration of 1 mM; the control c
FITC-labeled mitochondria at high (20 mM) (A) and low (3 mM) (B) HEPES con
succinate, respectively. Numbers on the curves correspond to oxygen consumptionof the respiratory H+ pumps drastically reduces the activity of
H+ ions within the inner (matrix) side of the membrane but
enhances slightly their activity within the outer side of the inner
mitochondrial membrane. Under these conditions, the extinc-
tion of the inner fraction of FITC probe (A2, B2) must increaserane in state 3. The differential spectra of the FITC-labeled phosphorylating
recorded at the high (20 mM) (A) and low (3 mM) (B) concentrations of HEPES.
uvette contained 6 μMTTFA. (b)The ADP/O ratio in the same preparation of the
centrations. m, r, and s indicate the additions of mitochondria, rotenone, and
rates (ng-atom O/min mg protein). For details of experiments, see [19].
Table 1
Phosphorylation efficiency as a function of buffer concentration under isotonic
(300 mosM) conditions
Experiment
no.
Buffer concentration,
mM
Respiratory rate
(with succinate)
Respiratory
rate (state 3)
ADP/O
ratio
1 3 20 24.4 1.9
20 21 53.7 1.0
2 3 22.8 54.3 1.8
20 23.3 58.4 1.4
3 3 15.1 51.5 1.4
20 18.1 87.2 1.1
4 3 13.4 41.8 1.4
20 23 91 0.7
Table 2
Phosphorylation efficiency as a function of buffer concentration under
hypotonic conditions
Experiment
no.
Buffer concentration,
mM
Respiratory rate
(with succinate)
Respiratory
rate (state 3)
ADP/O
ratio
1 3 40 147 1.9
20 23 133 1.6
2 3 15 88 1.2
20 13 49 0.9
3 3 16 45 1.6
20 17 45 1
4 3 42 93 1.4
20 19 56 1.2
5 3 24 63 1.4
20 18 41 1.0
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(A, B) must decrease (Fig. 3).
The observed spectra (A1, B1) is the sum of the spectra of the
inner (A2, B2) and outer (A, B) FITC fractions. As is evident from
Fig. 3, the decrease in the HEPES concentration enhances the
activity of H+ ions on the outer membrane side, thereby decreasing
the absorption of the outer FITC fraction (B). As a result, the B1 is
lower thanA1. Confirmation to this assumption was obtained in the
experiment (Fig. 4). Indeed, in the medium with a low
concentration of HEPES (3 mM), the activation of the H+ pumps
gives rise to less pronounced changes in the probe absorption than
in themediumwith a highHEPES concentration (20mM) (Fig. 4A,
B). This finding indicates that the functioning of the respiratory H+
pumps locally enhances the activity of hydrogen ions on the outer
side of the mitochondrial membrane and gives rise to a pool of
membrane-bound H+ ions within the outer side of the inner
mitochondrial membrane. It should be noted that Tris (a better
membrane penetrating buffer than HEPES) reverses changes in the
absorption of the pH probe FITC in response to high buffer
concentrations and to decreased mitochondrial respiration (data not
presented). In the presence of HEPES, a reverse effect was often
observed on “aged” mitochondria (within 1 to 3 h after their
isolation). This phenomenon was described in our earlier
publication [31]. Presumably, this reverse effect is due to a better
permeability of the aged mitochondrial membrane to HEPES. The
reverse effect was also observed on fresh mitochondria with low
respiration control values.
The use of the pH probe FITC also made it possible to record
a decrease in the activity of H+ ions within the outer side of
submitochondrial particles (SMPs) in response to the activation
of the respiratory H+ pumps [33]. This decrease (which is
inversely proportional to the concentration of the nonpenetrat-
ing buffer) is due to the local decline in the activity of H+ ions
within the matrix side of the inner mitochondrial membrane.
This implies that the pH probe used in our experiments responds
not only to the formation of the outer pool of membrane-bound
H+ ions but also to the local decrease in the activity of H+ ions
within the matrix side of the mitochondrial membrane.
1.3. Detection of the nonequilibrium pool of protons within the
outer side of the mitochondrial membrane in state 3
The use of FITC-labeled phosphorylating mitochondria
made it possible to detect the local gradient of H+ ions on theouter side of their inner membrane. The experiment was
designed as in the case of uncoupled mitochondria. The results
are shown in Fig. 5a. The higher intensity of the absorption of
the FITC probe in the medium with the higher HEPES
concentration indicates the formation of a nonequilibrium
gradient of H+ ions within the outer side of the inner
mitochondrial membrane. In some experiments on the same
preparations of labeled mitochondria, we recorded not only
local proton gradients but also respiration rates in state 3 and the
ADP/O ratio (Fig. 5b). It should be emphasized that the results
like those presented in Fig. 5a can be obtained only when
freshly prepared mitochondria are used.
It was of interest to study correlation between the efficiency
of oxidative phosphorylation (evaluated by the ADP/O ratio)
and the pool of membrane-bound H+ ions. The experiments
included measurements of the ADP/O ratio in intact mitochon-
dria (for details, see [19]). In accordance with Fig. 5 data, the
pool of membrane-bound H+ ions in these mitochondria was
controlled by changing the HEPES concentration in the
incubation medium. The results of these experiments for the
medium tonicity equal to 300 and 120 mosM are shown in
Tables 1 and 2, respectively. As can be seen from these tables,
the smaller pools of membrane-bound H+ ions at the high buffer
concentration (20 mM), as a rule, correlate with the lower
values of the ADP/O ratio. These results seem to be in
agreement with Eq. (3). It should be noted, however, that in the
isotonic medium (Table 2), the increase in the buffer
concentration not only diminished the pool of membrane-
bound H+ ions and the ADP/O ratio, but also enhanced
mitochondrial respiration in the process of phosphorylation.
The enhanced respiration may be due to the uncoupling effect of
the buffer, which increases the membrane permeability to
protons (see Fig. 2). In hypotonic media, this effect is not
observed. Therefore, it is only the data of Table 2 that closely fit
Eq. (3), since they suggest the possibility of using the free
energy of membrane-bound hydrogen ions for ATP synthesis.
The data presented in this table suggest that there is a positive
correlation between the volume of the pool of membrane-
bound H+ ions, in mitochondria, and the ADP/O ratio.
Taken together, the above data prove the functioning of the
mechanism of localized coupling of oxidation and phosphor-
ylation in mitochondria and validate the basic idea of the present
414 L.S. Yaguzhinsky et al. / Biochimica et Biophysica Acta 1757 (2006) 408–414consideration, namely, that the oxidative phosphorylation
system can function in two structural and functional modes of
localized and delocalized coupling. As shown in [22–25], these
operation modes of mitochondria are switched by the volume
regulation system.
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